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Abstract 
 
In the field of sportswear, the structure and morphology of textiles are of great importance to 
achieve good moisture transport and low friction, which are two critical comfort-related properties. 
To improve these properties, dual-layer nanofibrous nonwoven mats were studied in this work. 
Core-shell nanofibers with a polyacrylonitrile (PAN)-rich core and a poly(vinylidene fluoride) 
(PVDF)-rich shell were fabricated by single-spinneret electrospinning and used as the inner layer of 
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the dual-layer mats, while thick base-treated Cellulose Acetate (CA) nanofibrous mats were used as 
the outer layer. The core-located PAN and a small amount of PAN on the PAN/PVDF nanofiber 
surface ensure good moisture transport through the nanofibrous mats. The synergistic combination 
of a considerably hydrophobic PAN/PVDF inner layer and a highly hydrophilic CA outer layer 
induces a strong push-pull effect, resulting in efficient moisture transport from the inner to the outer 
layer. Furthermore, the fluorine-rich PVDF shell of the inner layer touches the human skin and 
provides a lubricating effect to enhance comfortability. This design provides a promising route for 
sports textiles with both good moisture-wicking and low friction. 
 
1. Introduction 
 
The textile used for sportswear, particularly the layer worn next to the skin, is of great importance 
for the physiological comfort and sports performance of people. Moisture transport behaviour of 
the textiles is a key property to consider in design of such textiles. During outdoor activities, 
especially in hot environments, clothing should allow perspiration to be transported out quickly1. 
Otherwise, body thermal balance cannot be maintained, and as moisture accumulates, the skin 
would also become more susceptible to abrasive damage and microbial growth2. 
 
Another critical comfort-related property for sports textiles is low friction. When a person is 
playing sports, the inner surface of the sportswear may slide over his/her skin, inducing friction. 
High friction may cause uncomfortable feeling or even pain of the sportspeople. For instance, the 
friction between the skin and inner surface of sock fabric can cause friction blisters due to cyclic 
relative movements. Fluoropolymers have very low coefficients of friction (varying from 0.02 to 
0.2 depending on the fluoropolymer type, loading and the sliding speed) and poor adhesion to most 
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substances because of their low surface energy.3 For example, Bertaux4 investigated the friction of 
socks made of different types of fibers, and found that the socks containing polytetrafluoroethylene 
have lower friction and are more comfortable. Simone Cazzaniga5 also pointed out that  fluorine-
synthetic fiber socks are more comfortable and healthy. 
 
Recently, many studies on fabrication of multifunctional textiles, such as those with special 
wettability, antibacterial property and anti-UV properties, have been reported. Huang et al. 
prepared superhydrophobic TiO2-fabric through a one-pot hydrothermal reaction on a cotton fabric 
for UV shielding, self-cleaning and oil-water separation.6 Ag NPs were also synthesized on fabric 
surface to achieve good color fastness, antimicrobial property and UV protection.7 Yu et al. found 
that multifunctional metal commingled yarns composed of antibacterial nylon/polyester/stainless 
steel wires could achieve good moisture wicking and antibacterial properties.8 Modified cotton 
fabrics with water- and oil-repellent, antibacterial and flame-retardant properties have also been 
reported.9 However, so far there is no report on multifunctional textiles that exhibit both low-
friction and good moisture transport properties, although both are important for the comfortability 
of sports textiles. 
 
Dual-layer textiles are candidates to combine good moisture transport and low friction together in 
the same material. Typical dual-layer moisture-wicking fabrics have a hydrophobic layer, such as a 
polypropylene (PP) layer, in direct contact with the skin and a hydrophilic outer layer, which is 
frequently made of cotton or cotton blends.10 The inner layer has low water absorption ability, 
pushing sweat to the outer layer via capillary motion. The outer layer has high water absorption 
ability, pulling the sweat out from the inner layer. The push-pull effect facilitates moisture transport 
and evaporation to the surrounding environment. Fluoropolymers are highly hydrophobic, and 
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hence the introduction of a fluoropolymer to the inner layer is a possible way of fabricating a dual-
layer moisture-wicking textile with low friction. 
 
Electrospinning is a popular technique used to produce non-woven mats of polymer nanofibers.11-13 
The controllability of the thickness of the mats and the size of the nanofibers14, as well as the 
feasibility of facile post-treatment, make electrospun nonwoven mats a promising candidate for 
further modification of fabrics and introduction of new functionality to the fabrics. For example, in 
a previous publication15, the current authors showed that electrospinning can be used to produce 
dual-layer nanofibrous mats consisting of a thin inner layer of polystyrene (PS) nanofibers, which 
have very low water absorption capability, and a thick outer layer of polyacrylonitrile(PAN) 
nanofibers, which have some hydrophilic groups on surface to facilitate capillary action. The 
porosity of the PS nanofibers was controlled and also the surface hydrophilicity was tailored by 
coating with thin layers of polydopamine. In this way it was demonstrated that moisture-wicking 
could be significantly enhanced. 
 
In this study, core-shell nanofibers with a PAN-rich core and a poly(vinylidene fluoride) (PVDF)-
rich shell were fabricated by single-spinneret electrospinning and used as the inner layer of dual-
layer mats, while  thick base-treated cellulose acetate (CA) nanofibrous mats, which are 
hydrophilic, were used as the outer layer. The motivation to use a PAN/PVDF core/shell 
nanofbrous mat as the textile inner layer that touches the human skin is to achieve low friction with 
the skin without sacrificing moisture transport property. The core/shell nanofibers have a large 
amount of fluorine atoms on their surface, making the inner layer fairly hydrophobic and not sticky 
in wet state as well as inducing lubricating effect to ensure low friction. The major driving force for 
the moisture transport through the dual-layer nanofibrous mats is the large hydrophobicity 
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difference between the inner and outer layers, while the core-located PAN and a small amount of 
PAN on the core-shell PAN/PVDF nanofiber surface could facilitate the moisture transport from 
the inner surface to the outer surface; without the core-located PAN and surface-located PAN 
groups, the moisture would be difficult to pass through a neat PVDF inner layer that has very poor 
wettability. In this paper, the structures and morphologies of the core-shell nanofibers and dual 
layer mats are presented, and the effectiveness of our design in providing both low friction and 
good moisture transport properties is demonstrated. 
 
2. Experimental Work 
 
2.1 Materials 
 
Polyacrylonitrile (PAN, Mw = 150,000) was purchased from Aldrich Chemical Company Inc 
(USA). N, N-Dimethylformamide (DMF) AND ACETONE were supplied by Tedia Company Inc 
(USA). Poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP), solef 11008) and Cellulose 
Acetate (CA, Mn~50,000) were purchased from Sigma-Aldrich Chemcals (USA). All materials 
were used without further purification. For simplicity, P(VDF-HFP) is referred as PVDF in this 
paper. 
 
2.2 Preparation of nanofibrous mats 
 
PAN solution in DMF (8 wt% PAN),PVDF solution in DMF(15 wt% PVDF), PAN/PVDF solution 
in DMF(5 wt% PAN-5 wt% PVDF, 6wt% PAN-2wt% PVDF and 6wt% PAN-1wt% PVDF) and 
CA solution in DMF/Acetone(13wt% CA, DMF/Acetone-1/1 by weight) were prepared by 
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dissolving PAN, PVDF or CA powder in the corresponding solvent at 60 °C under continuous 
magnetic stirring. The electrospinning setup and conditions used were the same as those reported in 
[11]. The spinning time for PAN/DMF, PVDF/DMF and PAN/PVDF/DMF solutions was 25min, 
whereas CA solutions were spun for 12hours. After electrospinning, the CA mat was soaked in 
0.05M NaOH aqueous solution for 16 hours and rinsed with de-ionized water to convert CA into a 
cellulose mat. Base-treated CA-PAN/PVDF dual-layer mats were prepared by electrospinning of 
PAN/PVDF/DMF (5 wt% PAN-5 wt% PVDF) solution for 25 min onto base-treated CA mats. To 
facilitate the discussion below, the dual layer is denoted as D-CA-PAN/PVDF. All the mats were 
vacuum dried at 60 C for 24 h and then went through a paper laminator (PRO BiO 320) at 70˚C 
and a rolling speed of 50 rpm. Solution-cast solid PVDF, PAN,PVDF/PAN blend and CA films 
were also prepared. The films were cast from the corresponding solutions and dried in a vacuum 
oven at 80C for 24 hrs. CA films were soaked in 0.05M NaOH aqueous solution for 4, 8, 12, 16, 
20, 24 hours and rinsed with de-ionized water to convert CA into cellulose to different extents.  
 
2.3 Characterization 
 
Morphologies of the mats were examined using field-emission scanning electron microscopy 
(FESEM) and transmission electron microscopy (TEM). The instruments and experimental 
conditions used were the same as those reported in [15].The composition of the blend nanofibers 
was studied by XPS using a VG ESCALAB 220I-XL XPS system (Thermo VG Scientific Ltd., 
UK). The base pressure was 10-9 Torr and the X-ray radiation was Mg-Kα radiation (1253.6eV) at a 
power of 200 watts. Fourier Transform Infra-red(FTIR) spectroscopy was recorded using a 
PerkinElmer (Frontier) spectrometer. Apparent contact angles and moisture transport behaviour of 
the samples were also measured using the same instruments and experimental conditions as those 
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reported in [15]. To test the moisture transport behaviors of the nanofibrous mats, a piece of dry 
mat was placed in the chamber of a moisture management tester (MMT, SDLATLAS), and then a 
droplet of 0.15 M sodium chloride aqueous solution was sprayed on the top (inner) surface of the 
mat. Using the MMT, the in-situ water contents of both top (inner) surface and bottom (outer) 
surface of the mat were measured, and these relative water content values were used to infer the 
water transport behavior of the sample.[15] 
 
The friction coefficient of the nanofibrous mats was tested using a Tribometer (CSM Instruments). 
During the test, a Polydimethylsiloxane (PDMS) film was used to simulate the skin and was slid 
over the surface of the nanofibrous mats and cotton fabric.  
 
In order to test the water absorption capability, cast films were immersed in de-ionized water for 
48hours. The films were all of rectangular shape with an area of 20 cm2. Their weights were 
measured before and after being soaked in the de-ionized water. Water absorption is calculated as 
the ratio of the weight gained to the original weight. 
 
3. Results and Discussion 
 
3.1 PAN-rich core/ PVDF-rich shell blend nanofibers as the inner layer 
In our design, the electrospun inner layer of the dual-layer structure that is next to the skin should 
be hydrophobic to trigger a push-pull effect enhancing water transport as well as having low 
friction with the skin. As a common hydrophobic fluoropolymer, an electrospun PVDF nanofibrous 
mat is expected to have low friction and could trigger push-pull effects with the hydrophilic outer 
layer. However, water can hardly pass through the PVDF layer due to its poor wettability. Thus 
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PAN was blended with PVDF during the electrospinning process to improve the wettability of the 
layer. 
 
The morphology of the as-spun PAN-rich core/ PVDF-rich shell blend nanofibers at a PAN to 
PVDF weight ratio of 1 to 1 were observed by SEM and TEM. The SEM image in Figure1 (a) 
shows typical morphologies of the as-spun blend nanofibers. The nanofibers are uniform and 
beadless, and from the image at high magnification, the nanofibers are seen to be solid and rough. 
(The morphologies of PAN and PVDF nanofibrous mats are shown in FigureS1.) The TEM image 
in Figure1(b) shows that a core-shell structure is observed within the blend nanofibers, because 
there is an abrupt change in brightness between the shell and core due to the asymmetric 
distribution of elements, indicating phase separation during electrospinning. This is because the 
surface energy of PVDF is lower than that of PAN so that PVDF prefers to stay at the surface of the 
nanofiber, forming the shell. It worth noting that the distinct core-shell morphology was achieved 
without incorporation of any salts, which is probably because the solvent used was different from 
that reported in W Lu’s work16. DMF may evaporate more slowly than DMF/acetone mixtures and 
hence give more time for phase separation. 
 
In order to further confirm such core-shell morphology, electrospun PAN/PVDF blend nanofibers 
were also prepared at a PAN to PVDF weight ratio of 3 to 1 and 6 to 1，and XPS analysis was 
carried out. The XPS results and the calculated atomic content of elemental fluorine (F) on the 
surface are shown in Figure2. The composition of the neat PVDF nanofibers was also measured as 
a reference. By comparing the F contents, calculated based on the feed compositions, with the 
measured surface F content, it is clear that the calculated F content based on the feed PAN/PVDF 
ratio is much lower than the measured one for the blend nanofibers. The XPS results are shown in 
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FigureS2. Since the detection depth of XPS is normally less than 12 nm, and the elemental F only 
comes from PVDF, it can be concluded that the shell of the blend nanofibers is rich in PVDF. This 
confirms the PAN-core/PVDF-shell configuration for the PAN/PVDF blend nanofibers. Due to the 
hydrophobic nature of PVDF, the surface-located PVDF will produce a hydrophobic surface on the 
blend nanofibers. This is reflected by the similar apparent contact angles of neat PVDF and the 
blend nanofibers with different ratios (Figure 3). 
 
The moisture management (MMT) results of water transport through the PVDF, PAN and 
PVDF/PAN blend (PVDF/PAN ratio=1/1) nanofibrous mats are shown in Figures 4 (a), (b) and (c). 
In these figures, the solid line (green) indicates the water content of the top side of the sample, on 
which a constant amount of water was sprayed, and the dashed line (blue) indicates the water 
content of the bottom side of the sample, which is originally dry and gets wet when moisture is 
transported from the top to bottom surface.17 Figure 4 (a) shows the MMT result for PAN 
nanofibers. Since PAN is hydrophilic, the values of the solid and dashed lines increase from the 
start and soon reach a steady-state value because water can easily pass through the mat. For pure 
PVDF, which is shown in Figure 4(b), the value of the dashed (blue) line is kept at zero in the 
whole testing period, indicating that no water is transported to the bottom surface. Results for the 
blend nanofibers with a PAN to PVDF weight ratio of 1 to 1are shown in Figure 4(c). Initially, the 
water content of the bottom surface stays at zero because the water cannot pass easily through the 
mat. However, after a while, the water content increases although it remains much lower than the 
top layer. The blend nanofibers have a PAN-rich core and a PVDF-rich shell, and so the small 
amount of PAN in the shell enhances the wettability of the surface of the nanofibers. Thus the 
ability of the blend nanofibrous mat to transport water is better than that of pure PVDF.  
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Figure1.SEM(a) and TEM(b) images of the blend (PAN: PVDF=1:1) nanofibers. 
 
Figure2. Content of fluorine in PVDF nanofibers, blend nanofibers with PVDF/PAN ratios of 1/1, 1/3 and 1/6 
measured by variable angle XPS and calculated values based on the feed ratio of the nanofibers 
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Figure3.Apparent contact angle of PVDF nanofibers (a), blend nanofibers with PVDF/PAN ratios of 1/1 (b), 1/3 (c), 
1/6 (d) and PAN nanofibers(e). 
 
 
Figure4.The moisture management results of as-spunPAN (a), PVDF (b)and blend nanofibers with PVDF/PAN ratio 
of 1/1(c). 
 
3.2 Base-treated CA nanofibersas outer layer 
Theoretically, a combination of a thin hydrophobic inner layer with a thick hydrophilic outer layer 
will pull the moisture outwards. The small thickness of the inner layer required is achievable by 
electrospinning. As discussed above, the PAN/PVDF blend electrospun mat is more wettable than 
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the neat PVDF mat and could allow water to pass through it. The thick hydrophilic outer layer, 
cellulose, which is the main component of traditional cotton fabric, was selected due to its high 
hydrophilicity and absorption. In this work, Cellulose nanofibers were fabricated by 
electrospinning of CA1819 followed by deacetylation to remove acetylgroups.20 In order to 
investigate the influence of deacetylation reaction time on the water transport property, cast CA 
films were soaked in NaOH aqueous solution for different times and their properties measured. 
According to the results of apparent contact angle and water absorption shown in Figure 5, the cast 
CA film becomes more hydrophilic with the increase of treatment time in NaOH aqueous solution. 
However, because the CA mats become fragile with too long treatment time, the CA nanofibrous 
mats were soaked in NaOH aqueous solution for 16 hours to partly convert CA into cellulose. 
 
 The CA nanofibrous mats soaked in NaOH aqueous solution for 4, 8 and 16hours were tested by 
FTIR. The result is shown in Figure 6, from which it is seen that the characteristic peaks of CA 
becomes weaker while those of cellulose become more distinct with longer treatment time. Hence 
the effect of the reaction converting CA into cellulose is verified. 
 
In addition, the apparent contact angle and moisture management results from a CA nanofibrous 
mat soaked in NaOH aqueous solution for 16 hours, as shown in Figure 7, reveal that the water can 
pass through the base-treated CA mats very quickly, indicating that base-treated CA is a suitable 
outer layer textile. The morphology of CA nanofibers and CA nanofibers soaked in NaOH aqueous 
solution for 16 hours are shown in Figure8, which shows that there is no obvious morphological 
variation after the treatment. 
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Figure5.Apparent contact angle and water absorption of CA mat and CA mat soaked in NaOH for 4, 8, 12, 16, 20 and 
24hrs 
 
 
Figure6.FTIR spectra of CA mat and CA mat soaked in NaOH for 4, 8 and 16hrs 
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Figure7.Apparentcontact angle (a)and moisture management result (b) of CA mat soaked in NaOH for 16 hrs 
 
 
Figure8.SEM images of CA nanofibers and CA nanofibers soaked in NaOH for 16hrs. 
 
3.3 Base-treated CA-PAN/PVDF dual-layer mats 
 
Base-treated CA-PAN/PVDF double-layer mats were prepared by electrospinning followed by 
going through a laminator to enhance the interlayer interactions.The schematic structure is shown 
in Figure 9a, which illustrates that moisture is effectively transported from the inner PAN/PVDF 
blend layer to the hydrophilic outer PAN layer due to push-pull effect. This is verified by the 
moisture management (MMT) results in Figure 9b.It is seen that the solid and dashed lines cross 
over after 300 seconds, showing that most water is transported from the top hydrophobic surface 
(inner surface) to the bottom hydrophilic surface (outer surface). 
  
 
15 
 
Advanced Materials for 
Sports Technology 
www.icsst14.com 
 
 
Figure9.Schematic diagram (a) and moisture management results of D-CA-PAN/PVDF mats(b). 
 
3.4 Friction coefficient of the inner layer 
Besides the moisture transport property, the friction coefficients of PAN, PVDF and PAN/PVDF 
blend nanofibrous mats were also measured and compared with traditional cotton fabric, using a 
Tribometer (CSM Instruments). The results are shown in Figure10. The nanofibrous mats all 
showed lower friction than the traditional cotton fabric, which is micron sized. Compared with the 
PAN mat, PVDF and PAN/PVDF mats show lower friction because of the fluorine component. To 
further verify the contribution of the fluorine component, friction coefficients of PAN, PVDF and 
PAN/PVDF blend cast films were also tested. The results, which are also shown inFigure10, reveal 
the same trend as the nanofibrous mats. Because the surfaces of the cast films are much rougher 
than those of the laminated electrospun mats, the friction coefficients of the cast films are higher 
than those of the electrospun mats. From the friction test results, it is seen that nanofibrous mats of 
PVDF and PAN/PVDF blend samples have similar friction coefficients due to the PVDF-rich shell 
structure of the blend mats. Hence the PAN/PVDF blend inner layer of the dual-layer structure 
would have a low friction coefficient with skin as well as better wettability compared with neat 
PVDF. 
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Figure10. The friction coefficients of cotton, PAN, PVDF and PAN/PVDF blend (at the ratio of 1/1) mats and cast 
films 
 
 
4. Conclusions 
In this work, electrospun dual-layer nanofibrous mats consisting of base-treated CA and core-shell 
PAN/PVDF nanofibers were designed and fabricated. The nanofibers with a PAN-rich core and a 
PVDF-rich shell were fabricated by single-spinneret electrospinning and used as the inner layer of 
the dual-layer mats, while thick base-treated CA nanofibrous mats were used as the outer 
hydrophilic layer. The core-located PAN and a small amount of PAN on the PAN/PVDF nanofiber 
surface ensure good moisture transport for the nanofibrous mats. The combination of a 
considerably hydrophobic PAN/PVDF inner layer and a highly hydrophilic CA outer layer induces 
a push-pull effect, effectively transporting moisture from the inner to the outer layer. Furthermore, 
the fluorine-rich PVDF shell of the inner layer touches the skin and may provide a lubricating 
effect to enhance comfortability. 
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